The adsorption of small alkane molecules in purely siliceous and protonated chabazite has been investigated at different levels of theory: (i) density-functional (DFT) calculations with a gradientcorrected exchange-correlation functional; DFT calculations using the Perdew-Burke-Ernzerhof (PBE) functional with corrections for the missing dispersion forces in the form of C 6 /R 6 pair potentials with (ii) C 6 parameters and vdW radii determined by fitting accurate energies for a large molecular data base (PBE−d) or (iii) derived from "atoms in a solid" calculations; (iv) DFT calculations using a non-local correlation functional constructed such as to account for dispersion forces (vdW-DF); (v) calculations based on the random phase approximation (RPA) combined with the adiabatic-coupling fluctuation-dissipation theorem; and (vi) using Hartree-Fock (HF) calculations together with correlation energies calculated using second-order Møller-Plesset (MP2) perturbation theory. All calculations have been performed for periodic models of the zeolite and using a plane-wave basis and the projector-augmented wave method. The simpler and computationally less demanding approaches (i)-(iv) permit a calculation of the forces acting on the atoms using the Hellmann-Feynman theorem and further a structural optimization of the adsorbate-zeolite complex, while RPA and MP2 calculations can be performed only for a fixed geometry optimized at a lower level of theory. The influence of elevated temperature has been taken into account by averaging the adsorption energies calculated for purely siliceous and protonated chabazite, with weighting factors determined by molecular dynamics calculations with dispersion-corrected forces from DFT. Compared to experiment, the RPA underestimates the adsorption energies by about 5 kJ/mol while MP2 leads to an overestimation by about 6 kJ/Mol (averaged over methane, ethane, and propane). The most accurate results have been found for the "hybrid" RPA-HF method with an average error of less than 2 kJ/mol only, while RPA underestimates the adsorption energies by about 8 kJ/mol on average. MP2 overestimates the adsorption energies slightly, with an average error of 5 kJ/mol. The more approximate and computationally less demanding methods such as the vdW-DF density functional or the C 6 /R 6 pair potentials with C 6 parameters from "atoms in a solid" calculations overestimate the adsorption energies quite strongly. Relatively good agreement with experiment is achieved with the empirical PBE+d method with an average error of about 5 kJ/mol.
I. INTRODUCTION
Saturated molecules such as alkanes interact with the inner wall of zeolites only through weak van der Waals (vdW) forces. In protonated zeolites there is in addition an equally weak interaction with the Brønsted acid site through a hydrogen bond. While the interactions between the alkane and the acid site are almost unchanged for different zeolite structures, large differences can be found for the vdW interactions between the alkane and the framework varying with the size and shape of the cavities. For many zeolites an almost linear increase of the heat of adsorption with increasing chain-length of the alkane is observed. This has lead to the common belief that the heat of adsorption is composed by two different contributions, namely, (i) the weak chemical interaction between the alkane and the acid site and (ii) the vdW interactions between the alkane and the cavity wall. 1 Although it is often assumed that such weak interactions are only of minor importance for chemical reactions, here they are decisive for understanding the atomistic mechanism of the adsorption and conversion reactions (cracking, dehydrogenations, proton transfer) of hydrocarbon molecules catalyzed by zeolites. Currently available selfconsistent field theories (Hartree-Fock (HF) or density-functional (DF) approximations) do not account for the long-range electron-electron correlations which are at the origin of vdW interactions.
Within quantum chemistry vdW forces are properly accounted for only by higher level wave function methods -at least second-order Møller-Plesset (MP2) perturbation theory. 2, 3 MP2 calculations for small finite systems (molecules or clusters) are now current practice, but applications to complex systems such as zeolites are computationally very demanding. For this reason various embedding schemes have been developed. Within the QM/Pot method quantum mechanical (QM) MP2 calculations for a small cluster containing the acid site are embedded into a zeolite environment described by force-field calculations. Recently, a number of investigations for alkanes adsorbed in different zeolites have been published. [4] [5] [6] Tuma and Sauer 7, 8 have developed a more sophisticated QM/QM embedding scheme where the complete system is treated at the DFT level and vdW corrections to the computed total energy are determined by the difference in the total energy of a small cluster surrounding the acid site, calculated using MP2 and DFT. The problem with this embedding scheme is that convergence with respect to the cluster size is very slow (especially for larger adsorbed molecules).
During the last decade much effort has been spent to develop methods which include vdW interactions in DFT calculations. At the lowest level of theory the vdW forces can be modelled by semi-empirical C 6 R −6 pair potentials with the C 6 parameters fitted to high-level quantum-chemical calculations for a large molecular training set. [9] [10] [11] A parameter-free method for the derivation of the interatomic C 6 (or dispersion) coefficients from the electron density of the solid or molecule and from accurate reference data for the free atoms has been proposed by Tkatchenko and Scheffler. 12 C 6 coefficients for the individual atoms in the solid are calculated via a Hirshfeld partitioning of the electron density. Very recently, the same group has proposed to derive dispersion coefficients and polarizabilities from the dielectric function calculated using time-dependent DFT. 13 An alternative approach is based on the construction of a non-local "vdW-functional" accounting for the long-range electronic correlations. [14] [15] [16] The attempts to construct this "vdW-functional" are based on a simplified realization of the random phase approximation (RPA) 17 for the calculation of the correlation energy, but the approach suffers from considerable uncertainty because of the difficulty to find compatible versions of the local exchange-correlation and the non-local correlation functionals. This is avoided in approaches combining exact exchange with correlation treated in the RPA. In this case part of the exact exchange energy cancels the spurious self-interaction in the Hartree energy. The RPA correlation is fully non-local and hence vdW interactions are seamlessly included. The concept of exact exchange combined with RPA correlation has proven to be very successful in quantum chemistry, [18] [19] [20] [21] [22] solid state theory, [23] [24] [25] [26] and surface science. [28] [29] [30] The empirical dispersion corrections of Grimme et al., 9 , 10 the Tkachenko-Scheffler (TS) approach, 12 and the vdW-functional [14] [15] [16] are sufficiently efficient to permit a calculation of the forces acting on the atoms via the Hellmann-Feynman theorem and further a structural optimization of even complex systems under the influence of the vdW forces. On the other hand the high computational effort necessary for MP2 or RPA calculations allows only to perform calculations for a fixed geometry or a structural optimization with respect to a very small number of parameters.
The relative merits of the different approaches to the calculation of vdW interactions have been explored for different systems: molecules, 26 ionic, semiconducting and metallic solids, 13, 25 graphene layers supported on metallic surfaces, [30] [31] [32] molecules adsorbed on solid surfaces, 28, 33 and within the cavities of zeolites. 34, 35 For bi-molecular systems it has been demonstrated that MP2 tends to overestimate the strength of the vdW interactions, while the RPA produces a systematic underbinding. 26 vdW forces derived from the polarizability improve the predictions of cohesive energies and bulk moduli for semiconductors and insulators, 13 the RPA also leads to excellent results for metals. 25 vdW forces also determine the binding of graphene layers to metallic substrates. The RPA and the empirical dispersion corrections proposed by Grimme et al. 10 provide an accurate description of the geometry and adsorption energy, while the performance of the vdW-functional depends very critically on a judicious choice of the local and non-local correlation functionals. [30] [31] [32] The RPA and the Tkatchenko-Scheffler approach lead to an improved description of molecular adsorption geometries on solid surfaces. 28, 33 Our investigations of the adsorption of alkanes in Naexchanged and protonated chabazite 34, 35 have shown that the calculated adsorption strength decreases in the sequence vdW-functional -semiempirical dispersion corrections -RPA -DFT and that a comparison with experiment must account for the temperature-dependence of the adsorption energy. Because the binding to the active (Lewis-or Brønsted acid) site is very weak, already modest temperatures are sufficient to detach the molecules from the active site. The movements of the molecules through the cavity of the zeolite are determined by their interaction with the active site and with the inner walls of the zeolite. At finite temperature the adsorption energy should, in principle, be derived from an ensemble average over an ab initio molecular dynamics (MD) run. Because such MD simulations are computationally very demanding, they can be performed only with semiempirical dispersion corrections. These simulations have demonstrated that the probability that the molecule remains within a distance of 3 Å or less from the acid site is around 2/3 (slightly depending on the length of the alkane). If it is not bound to the active site, it adopts a geometry optimizing the vdW binding to the zeolite framework. The adsorption energy at finite temperature is essentially a weighted average of the binding energies at the acid site and to the framework. In this approximation, best agreement with experiment is found with the RPA.
The aim of the present work is twofold: (i) We extend the investigations of alkane adsorption in protonated chabazite to calculations with the optimized vdW-functional, to calculations based on the Tkatchenko-Scheffler approach, and to periodic MP2 calculations. (ii) In addition to the periodic approaches using the entire zeolite structure, calculations for small finite clusters have been performed. The studies of the smallest clusters account only for the interaction of the adsorbate with the acid site (which have the character of a hydrogen bond). The comparison with the periodic calculations should permit to differentiate between the performance of the different methods for hydrogen-and vdW-bonds. We also compare the results of embedded cluster and periodic calculations.
II. THEORETICAL FOUNDATIONS
In the following we review very briefly the theoretical foundations for the description of dispersion corrections within selfconsistent-field (density-functional or HartreeFock) theories. More details can be found in the supplementary material.
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A. Semiempirical corrections -the PBE+d method vdW interactions arise from interactions between spatially separated fluctuating dipoles, they can be modelled by adding contributions described by pair potentials to the DFT total energy, 9 , 10
with
DFT stands for any density functional and the dipolar interactions are assumed to decay as R −6 ij with R ij being the interatomic distance. f dmp (R ij ) is a damping function eliminating the divergence of the R −6 ij potential at too short distances. The C ij 6 parameter determines the strength of the pairwise interactions. Tables of the C 6 parameters are given in the supplementary material. 37 The basic DFT calculations have been performed with the gradient-corrected PBE (Perdew-BurkeErnzerhof) functional. 36 The choice of the functional determines the prefactor s 6 of the dispersion corrections. In our calculations we used s 6 = 0.75, the value suggested for PBE.
B. C 6 coefficients from electronic density and atomic reference data
Recently, Tkatchenko and Scheffler 12 proposed to use the pair-potential description of the dispersion corrections, but to derive the parameters from precise static polarizabilities α 
and
The free-atom values for the homo-nuclear C ii 6 coefficients and the static polarizability α 0 i are taken from the data base of Chu and Dalgarno 43 reporting the results of time-dependent DFT calculations scaled to reproduce accurate many-body calculations. The scaling factor
is given by the ratio of the effective volume occupied by the atom in a molecular or solid environment (V eff ) and the volume in the free atom (V free ), they are calculated using the Hirshfeld partitioning 44 of the electron density for the volume. The combination rule for the heteroatomic C ij 6 coefficients in the dispersion corrections is
derived from the Casimir-Polder integral 42 expressing the C 6 coefficient by the integral over the frequency-dependent polarizabilities. The Tkatchenko-Scheffler method has been implemented in VASP by Bučko et al. 45 Further details are given in the supplementary material.
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C. vdW-DF
A non-local correlation functional including vdW interactions in DFT calculations was proposed by Dion et al. 14 The starting point is to separate the short-and long-range contributions to the correlation energy according to
The short-range correlations E SR c are approximated by the local-density approximation (LDA) correlation energy and the long-range part E LR c is expressed as
where the non-local correlation kernel (r, r ) is chosen such as to approximate the RPA correlation energy. The correlation energy is combined with suitably chosen a GGA-type exchange functional. In the original work the exchange part of the revPBE functional 38 was chosen, but this choice is not unique. Our work on alkane adsorption in chabazite 35 has demonstrated that this tends to produce a too large adsorption energy. Klimeš et al. 39, 40 have systematically studied the performance of different exchange functionals using a large data set and demonstrated that the errors are minimized for a modified version of the B86 exchange functional. 41 The GGA exchange functional is given by
is the LDA exchange functional and F x (s) is the exchange enhancement factor which is a function of the reduced density gradient s = |∇n|/2(3π 2 )n 4/3 . For the optB86 exchange functional the exchange enhancement factor is reduced compared to revPBE exchange at values of s up to s ∼ 4 and enhanced beyond. The new vdW-optB86 functional has been tested by Klimeš et al. for a large molecular data set 40 and for many different solids. 39 Mittendorfer et al. 30 have demonstrated that for graphene/Ni(111)this vdW-optB86 functional leads to reasonably good agreement with RPA calculations while other combinations of local and non-local functionals fail quite badly.
Here we will explore its performance for alkanes in chabazite, supplementing our earlier results with the original vdW-DF methods. To emphasize that the two approaches differ only in the choice of the exchange functional, we shall refer to the original vdW-DF method as vdW-revPBE.
where ν is the bare Coulomb interaction and χ KS is the KohnSham independent particle response function which is a functional of the occupied and empty single-particle orbitals. Further details are given in the supplementary material. 37 There is no evident method of choice to calculate the single-particle orbitals (LDA, GGA, or hybrid functionals). For molecules 19, 20 and solids 13, 25 it has been demonstrated that RPA total energies are rather insensitive to the chosen starting point. It has been reported that independent of the choice of the functional the RPA tend to underbind. 18, 26, 48, 49 The origin of the underbinding has been explored in Refs. 26 and 27. It has been shown that the correlation energy evaluated with HF orbitals is more repulsive than that calculated using PBE orbitals, while the exact exchange energy is more repulsive if calculated with PBE orbitals. The underbinding vanishes systematically if the exact exchange energy evaluated with selfconsistent HF orbitals is combined with the RPA correlation energy calculated using PBE orbitals. Ren et al. argued in Ref. 26 that there is a systematic agreement between the difference in the HF and PBE exact exchange energies and second-order corrections to the correlation energy from single-particle excitations. This approach is often referred to a RPA-HF or hybrid RPA.
E. Møller-Plesset perturbation theory
The electronic ground-state energy in MP2 perturbation theory is given by 2, 51 
where E HF is the selfconsistent HF total energy and E
MP2 C
denotes the MP2 correlation energy. The MP2 correlation energy may be expressed in terms of matrix elements between Bloch orbitals,
The indices i, j and a, b refer to occupied and empty one-electron orbitals, respectively, and are understood to be a shorthand notations for the band index and the Bloch wave vector. Since the real space unit cells studied in this work are very large, it suffices to sample only the -point in the Brillouin zone. The n are the one-electron HF eigenvalues. The two-electron-four-orbital integrals (V ab ij ) constitute the central quantities in MP2 calculations and are defined as
In this work we will employ HF and MP2 routines for periodic systems as implemented in the VASP code where the one-electron orbitals are described within the projectoraugmented-wave formalism. Technical details can be found in Refs. 50 and 51. For MP2 calculations for finite clusters, a reduction of the computational effort can be achieved by a transformation to approximate natural orbitals. Approximate natural orbitals allow for a reduction of the virtual orbital space without compromising accuracy and are constructed by diagonalizing the virtual-virtual orbital block of the reduced density matrix. 52 It has been shown that MP2 allows for a fairly accurate assessment of electronic correlation energies in solids exhibiting weak through intermediate polarizabilities. 53 For the case of strongly polarizable and metallic systems, MP2 overestimates and predicts diverging correlation energies, respectively. Since the systems studied in this work are large gap insulators with weak polarizabilities, we anticipate that MP2 should predict reliable adsorption energies especially for smaller alkanes.
F. Approaching the complete basis set (CBS) limit in MP2 and RPA calculations
As most correlated wave function-based methods, MP2 calculations converge very slowly with respect to the basis set of one-electron orbitals. The same applies to the RPA correlation energies where many empty eigenstates have to be included to achieve convergence. In practice, it is impossible for all but the simplest systems to achieve full convergence for the MP2 and RPA correlation energies. To circumvent this computational bottleneck, we employ the following basis set extrapolation procedure that has become a reliable and common practice in the field of computational quantum chemistry using a plane wave basis set. 52, 53 MP2 and RPA correlation energies are calculated for a series of systematically extended auxiliary basis sets. The series of correlation energies is extrapolated to the complete basis set limit by assuming the following functional dependence on the cut-off energy E cut of the plane-wave basis set:
This relation is motivated by exact analytic results for the uniform electron gas, where the RPA and MP2 correlation energies exhibit this behavior as the complete basis set limit is approached.
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G. Computational details
All calculations were performed using the Vienna ab initio simulation package, 55, 56 which is a plane-wave code based upon the projector augmented wave method. 57, 58 The calculation of exact exchange energies is described in Refs. 50, 59 , and 60 and the method for the calculation of the RPA response function is explained in Refs. 61 and 62. The PBE+d and the TS methods have been implemented in VASP by Bučko et al. 11, 45 The selfconsistent calculations using the vdW-revPBE and vdW-optB86 functionals were performed as described by Gulans. 16 Our calculations using the vdW-optB86 method were performed using the implementation by Klimeš et al. 39, 40 For periodic MP2 (natural orbital) calculations we used the implementation of Grüneis et al. 51, 52 For all calculations we used a cut-off energy of 400 eV and only one k-point centered at the -point of the unit cell. MP2 and RPA correlations energies are extrapolated to the complete basis set limit as outlined in Sec. II F. Careful convergence checks have demonstrated that higher cut-off energies leave the results largely unchanged.
Structures were relaxed using a combination of a quasiNewtonian algorithm, damped molecular dynamics and a conjugate gradient algorithm. We considered the structures to be converged when the forces were smaller than 0.015 eV/Å. This is more accurate than most other calculations in similar systems, but due to the flat potential energy surface close to the minimum we considered this to be necessary. For an alkane adsorbed in the cavity of a zeolite there are many local energy minima corresponding to different, but energetically almost degenerate configurations. To systematically explore configuration space, we started with the adsorption of methane and subsequently substituted one hydrogen atom by a CH 3 -group and relaxed the structure to obtain ethane adsorption energies. The procedure was repeated by substituting another hydrogen atom. The same approach was applied for the transition from ethane to propane. The structures described in the following are those with lowest total energies.
Cluster calculations have been performed for small clusters surrounding the acid site, cut from the relaxed periodic structure. Dangling bonds at the peripheral oxygen atoms have been saturated with hydrogen, the lengths and directions of the O-H bonds being relaxed. For the PBE, PBE+d, and RPA calculations the clusters have been located in the center of large computational box measuring 12 × 12 × 14 Å ensuring a minimal distance of 7 Å between periodically repeated images. In the summation over the effective pair interactions in the PBE+d and TS methods the summation over the periodically repeated images have been eliminated.
III. STRUCTURE OF THE ZEOLITE
In this work we studied the adsorption of short alkanes in chabazite, a zeolite with 12 tetrahedral (T) sites per rhombohedral unit cell (space group R3m) arranged on a hexagonal prism. All T sites are crystallographically equivalent, each tetrahedral atom is coordinated by four crystallographically inequivalent oxygen atoms labelled O(1) to O(4) (see Fig. 1 ). Neighboring hexagonal prisms are linked by fourmembered rings, they are stacked in such a way that they surround large cavities circumscribed by eight-membered rings. As in our earlier investigation of Na-exchanged chabazite 34 we have used the lattice constants optimized by Bučko et al. 66 at the PBE+d level which are in very good agreement with experiment (a = 9.34 (9.29) Å, α = 94.1(93.9)
• , experimental values in parentheses). The binding within the zeolite framework is of iono-covalent character, vdW corrections have only a minimal influence on the crystal structure. Lattice constants calculated at the PBE level of theory are a = 9.35 Å, α = 94.1
• , using the TS method one finds exactly the same value as with the PBE−d approach.
To create an acid site, one of the Si atoms is replaced by an Al, resulting in a high-silica chabazite with a Si/Al ratio of 11. The electron-deficit on the framework is compensated by attaching a hydrogen atom to one of the four oxygen sites next to Al. Formally the electron of the hydrogen atom is transferred to the framework which becomes negatively charged. The O(2) and O(3) atoms connect tetrahedral sites in the hexagonal rings, the O-H groups formed at these sites point towards the center of the hexagonal ring. O(1) and O(4) sites are located in the four-membered rings connecting the hexagonal prisms, O-H groups attached to these sites are oriented towards the large cavities of the zeolite. 67 The relative stability of the Brønsted sites depends only very weakly on the approach chosen for the description of the dispersion forces. Within DFT the stability decreases in the sequence O(1)
, with a modest energy difference not exceeding 0.11 eV (see Table I for details). The vdW corrections at the PBE+d, TS, and vdW-DF levels affect the energy differences only slightly, but eventually change the energetic ordering of the O(3) and O(4) sites. The RPA reduces the energy differences and marginally favors the O(2) over the O(1) site. A bit surprisingly, the energy differences calculated using the MP2 method are very close to the PBE results. In the present context the important result is that because of the very similar stabilities four types of acid sites will occur with comparable probability. 
IV. PERIODIC CALCULATIONS FOR ALKANES IN CHABAZITE
A. Structure of the adsorption complexes
The structure of the adsorption complexes of methane, ethane, and propane at all four different acid sites as optimized at the PBE, PBE+d, vdW-revPBE, vdW-optB86, and TS levels of theory is characterized by the distance between the C 1 atom in the terminal CH 3 group and the acid proton and the distances between the remaining C atoms of the alkane and the nearest Si atom of the framework. The results are compiled in Table II . As an example the adsorption geometries of propane at the O(1)-H and O(3)-H acid site are shown in Figure 2 .
In a purely siliceous zeolite the adsorbate is located almost in the center of the large cavity, interacting with the zeolite framework through dispersion forces only. There are many energetically almost degenerate configurations with CSi bond lengths measuring about 4 Å. In an acid zeolite the alkane forms a weak polarization-induced bond with the acid proton and only slightly weaker vdW interactions with the framework. DFT (with the PBE functional) predicts bond lengths between the acid proton and the C 1 atom in the terminal CH 3 group measuring between 2.2 and 2.38 Å, and distances between the remaining C atoms and the nearest Si atom of the framework varying between 4.0 and 4.7 Å. The pairwise dispersion corrections of the PBE+d approach induce a contraction of the C 1 -H distances by up to 0.17 Å (0.08 Å on average). The C 2 -Si distances of ethane determined by vdW forces are contracted by 0.26 ± 0.05 Å. The case of propane shows that the change of the adsorption geometry induced by the vdW forces can be quite complex: for an acid proton at-TABLE II. Adsorption geometries for methane, ethane, and propane calculated using different levels of theory. This includes the distance (in Å) between the active site and the C atom closest to it (C 1 ) as well as the distance between the second (C 2 ) and third (C 3 ) atom and the closest Si atom. The first line refers to the O (1) tached to the O(1) site, the C 2 -Si distance is strongly contracted while the C 3 -Si distance is stretched by a comparable amount. For a proton at the O(2) site both C-Si distances are contracted.
In contrast, the vdW-revPBE functional predicts an elongation of the bonds with the acid site, on average by 0.26/0.20/0.18 Å for methane/ethane/propane. For ethane, the C-Si distances between adsorbate and framework are only slightly changed (by -0.05 to +0.18 Å) compared to the DFT result. The same is also observed for propane bound to the acid sites attached to the O(2), O(3), and O(4) oxygen atoms. For propane bound to the O(1)-H site on the other hand, the distance between the C 2 atom and the framework is vdW-optB86 functional, with the sole exception of ethane where for the binding to the O(1)-H acid site a significantly shorter bond length is calculated. It must be emphasized, however, that the potential energy surfaces are very flat and that all these differences in the adsorption geometries correspond only to minimal changes in the total energy.
B. Adsorption energies 1. Selfconsistent calculations for the optimized geometries
At the PBE, PBE+d, vdW-revPBE, vdW-optB86, and TS levels of theory selfconsistent calculations of the adsorption energies at the optimized geometries can be performed. We first consider the adsorption in purely siliceous chabazite, see Table III . At the PBE level there is almost no interaction between the alkane and the zeolite framework. The dispersion corrections lead to an adsorption energy for methane increasing in the sequence PBE+d → TS → vdW-optB86 ∼ vdWrevPBE from −18.3 to −33.2 kJ/mol. For the longer alkanes the adsorption energy increases by a smaller increment for each additional CH x group. For the PBE+d and TS methods the increase is approximately linear. This is not unexpected, since the dispersion corrections are modelled in both cases by pair-wise potentials, with C 6 coefficients determined by fitting to a molecular data base or derived from atomic polarizability data, respectively. The vdW-functional predicts a stronger increase from ethane to propane than from methane to ethane.
For a protonated chabazite DFT predicts that the alkane molecules interact only with the acid site, resulting in an adsorption energy which is almost independent of the length of the alkane but varies with the strength of the acid site. The adsorption energies are lowest for the most stable sites at the O(1) and O(2) atoms and largest for the least stable acid site at the O(4) atom. The vdW corrections increase the strength of the interaction with the acid site and add an almost constant increment per additional CH x group. The average adsorption energy of a methane molecule varies between −31.8 kJ/mol for PBE+d and −38.3 kJ/mol for vdW-revPBE. The change in the local correlation functional in the vdW-optB86 approach has almost no influence on the adsorption energywhich is rather remarkable, given the differences in the bond lengths. The TS method predicts an adsorption energy which is larger than with the semiempirical corrections, but lower than with the vdW-functional. For the dispersion-corrected methods we calculate an average increment per additional CH x group of −12.6/ −18.7/−18.8/−14.7 kJ/mol at the PBE+d, vdW-revPBE, vdW-optB86, and TS levels of theory, for propane the average adsorption energy spans the interval between −57.0 and −75.6 kJ/mol. Compared to purely siliceous chabazite the adsorption energies of methane, ethane, and propane become more exothermic by −13.5/−16.1/−16.9 kJ/mol using PBE+d, by −5.1/−8.1/−7.3 kJ/mol using vdWrevPBE, −7.0/−10.8/−11.2 kJ/mol using vdW-optB86, and by −9.6/−11.9/−14.9 kJ/mol using the TS approach. This means that the PBE+d approach (and to a lesser degree also the TS method) predict a much stronger binding to the acid site than both versions of the vdW-DF. While the semiempirical corrections predict almost the same contribution from the acid site for all alkanes, the more sophisticated approaches taking the different polarizabilities of the adsorbate into account predict a weaker contribution of the acid site for all molecules (especially for methane). For the vdW-optB86 and TS methods this contribution increases for the longer (and hence more polarizable) molecules, but still does not reach the same value as for propane with PBE−d.
The differences between the four acid sites are again relatively modest, with the exception of O(3)-H, where a consistently lower adsorption strength is predicted. These differences are almost the same for methane with all four methods, but for ethane and propane they are largest with the TS approach. The adsorption geometry at the O(3)-H sites differs from that at the other sites by the orientation of the alkane chain towards the center of the largest cavity in chabazite (see Fig. 2 ). In this configuration both the C 2 -Si and C 3 -Si distances are relatively large, while for the remaining three sites one of these distances is always distinctly shorter than the other (see Table II ). This indicates that for these configurations it is easier to find a structure optimizing the strength of the vdW interactions.
Periodic RPA and MP2 calculations
For these computationally more demanding techniques an optimization of the adsorption geometry is not possible. Non-selfconsistent calculations have been performed for a structure optimized at a lower level of theory. For the RPA selfconsistent calculations are in principle feasible, but only at a very high computational effort for these large systems. MP2 is a perturbation approach based on Hartree-Fock orbitals. In a series of test calculations we found that the RPA and MP2 total energies are almost the same for the structures optimized using PBE, PBE+d, or vdW-revPBE. C atom and the acid proton calculated using PBE, but for propane stronger adsorption than for PBE is found both using PBE+d with a smaller and for vdW-revPBE with a larger C 1 -H distance. A similar picture arises also from RPA calculations. The conclusion is that there is no unique optimal choice for the adsorption geometry, but the remaining uncertainty is of the order of 1 kJ/mol which appears to be acceptable in view of the high computational cost of MP2 and RPA calculations. Here all further RPA and MP2 energies have been calculated for the PBE+d structure, they are summarized in Tables III and IV. This conclusion differs from our results for alkanes in Na-exchanged chabazite, where we have found only very modest differences for the RPA energies for the optimized PBE and vdW-revPBE structures, but significantly lower RPA energies calculated for the PBE+d structures. These differences are largest for methane and decrease again for the heavier alkanes. 35 The reason is that because of the higher polarizability (and hence the larger C 6 coefficient of the Na counter-ion) the dispersion contribution to the adsorption energy depends quite strongly on the Na-C 1 distance, whereas the C 6 coefficient of the acid proton is nearly zero and hence the adsorption energy depends only rather weakly on the H-C 1 distance.
For purely siliceous chabazite the RPA with PBE orbitals leads to adsorption energies which are significantly lower than those calculated at any other level of theory (except DFT), while MP2 calculations predict adsorption energies which are by about −3 kJ/mol more exothermic than the PBE+d results, but much less than those calculated with the vdW-functional. The underbinding of the RPA calculated with PBE functionals can be partially corrected by combining the exact exchange energy from selfconsistent HF calculations with the RPA correlation energy calculated with the PBE orbitals -we refer to this approach as RPA-HF (it is sometimes also referred to as the "hybrid-RPA" method). For purely siliceous chabazite, however, the differences between RPA and RPA-HF are relatively modest, increasing from 1.3 kJ/mol for methane to 4.5 kJ/mol for propane.
The replacement of the exact exchange energy calculated using PBE orbitals by the selfconsistent HF exchange energy also leads to different conclusions concerning the contribution of the acid site to the adsorption energy. Compared to purely siliceous chabazite the exothermicity of the adsorption of methane, ethane, and propane increases on average by −6.6/−7.9/−5.1 kJ/mol using the RPA, and by −12.9/−13.8/−12.8 kJ/mol for RPA-HF. The MP2 calculations predict even smaller contributions from the acid site of −2.7/−6.3/−6.8 kJ/mol than the RPA. Since the exchange contributions are the same for the RPA-HF and MP2 methods (both use the selfconsistent HF exchange energy), we conclude that the difference has to be attributed to a much larger contribution from the correlation energy in the RPA. On the other hand, the difference between the RPA and RPA-HF results is entirely due to the exchange contribution and it is much larger in the acid than in the purely siliceous chabazite.
Both versions of the RPA predict a smaller increase of the adsorption energy with the length of the alkane than found at a lower level of theory, the increment per additional CH x group is 5.7 ± 1 kJ/mol in the RPA and 8.1 ± 0.6 kJ/mol in the RPA-HF. A much larger increment of 13.2 ± 0.1 kJ/mol is calculated using MP2.
The site-dependent differences are similar at all levels of theory, the strongest adsorption is always found for the least stable O(4)-H site. With MP2 the lowest adsorption energy is found for the O(3)-H site, which is in agreement with the results obtained at a lower level of theory. The strongest influence of the different methods for calculating the dispersion corrections is found for the O(2) acid site. While at lower level of theory, the adsorption energies calculated for this site are only slightly less exothermic than for the O(1) and O(4) sites, with MP2 the adsorption strength is nearly as low as for the O(3) site and with RPA or RPA-HF for ethane adsorption is even weakest for the O(2) site. The O(2) and O(3) oxygen atoms are located in the six-membered rings of the chabazite structure, alkane atoms bound to acid protons attached to these sites stretch through the largest cavity of the zeolite. The O(1) and O(4) oxygen atoms on the other hand are part of the larger eight-membered rings, alkane atoms bound to protons at these sites can adapt a configuration matching better with the inner wall of the cavity (see also Fig. 2 ).
V. CLUSTER CALCULATIONS FOR ALKANES IN ACID CHABAZITE
The basic idea of the embedded cluster approach proposed by Tuma and Sauer 7, 8 is to correct the total energy of a periodic system S calculated at a lower level of theory (DFT, or DFT with empirical dispersion corrections) by the difference between the "high-level" (MP2, RPA) and "low-level" energies for a finite cluster (C),
The central question of any cluster approach is the convergence of the results with the growing size of the cluster. Tuma and Sauer 8 have examined the variation of the heat of reaction for the protonation of isobutene in ferrierite as derived from MP2 and PBE cluster calculations with the number of T sites included in the cluster. In both cases convergence was not achieved even for clusters containing as many as 30 T sites. At the PBE level the periodic limit is known and it is evident that convergence has not been reached -demonstrating that it is impossible to get reliable results with non-embedded clusters. The difference between the MP2 and PBE cluster energies which is the correction to be applied to the periodic PBE calculations, however, displays a nearly monotonous decrease and much better convergence. In a recent series of papers Sauer et al. [63] [64] [65] have examined in detail the variation of the correction term E(C) = E(C) high − E(C) low (with high = MP2 and low = PBE) with the number of T-sites in the cluster. The conclusion is that since even with 30-40 T sites convergence within a few kJ/mol is not achieved, E(C) should be extrapolated to the periodic limit using a fit based on Grimme's semiempirical dispersion corrections. Since the MP2 calculations are performed using a basis of localized orbitals, in addition corrections for basis set superposition errors and an extrapolation to the CBS limit (in analogy CBS extrapolation used here for RPA and MP2 calculations) are required.
Cluster calculations have been performed for three clusters of different size, cut from the relaxed periodic structure surrounding the O(3)-H acid site (see Fig. 3 ) and including the adsorbed alkane molecule. The dangling bonds at the peripheral oxygen atoms have been saturated with hydrogen atoms. The coordinates of all atoms of the framework and adsorbate have been frozen, the lengths of the O-H bonds at the boundary of the cluster have been relaxed. The reference configurations without the adsorbate were obtained by removing the alkane, keeping the geometry fixed and allowing only the O-H group forming the active site to relax. The smallest J. Chem. Phys. 137, 114111 (2012)   FIG. 3 . Small clusters with two, three and six tetrahedral sites used for embedding studies. The color code for the atoms forming the chabazite network is the same as in Fig. 1 , hydrogen atoms saturating the dangling bonds of the peripheral oxygen atoms are shown in light grey. Cf. text.
clusters (2T, 3T) contain only two and three tetrahedral sites, respectively. Note that 3T clusters have also been used in the extended QM/Pot calculations of hydrocarbon adsorption in zeolites presented by de Moor et al. [4] [5] [6] The chemical composition of these small clusters is SiAlO 7 H 7 and Si 2 AlO 9 H 9 , respectively. A larger 6T cluster consists of one of the characteristic six-membered rings of the chabazite structure, chemical composition Si 5 AlO 18 H 13 . Note that already the 6T cluster contains more atoms than the unit cell of the chabazite structure, but does not include all tetrahedral sites interacting with one of the CH x groups of ethane or propane. It is certainly not our aim to achieve a convergence of the embedded cluster calculations with respect to the system size, but we think that the comparison of cluster and periodic calculations offers some interesting insights.
In Table V the adsorption energies for methane, ethane, and propane at the three isolated clusters, calculated at different levels of theory have been collected. In all cases the adsorption energies calculated for the cluster are much smaller than those calculated for the full periodic model of the zeolite -even for methane where one could expect that a small cluster could be sufficient. This demonstrates that the dispersion forces are quite long-ranged such that an extended part of the framework contributes to the vdW interactions with the adsorbate. However, even at the PBE level where dispersion forces are not taken into account, the adsorption energy of the clusters amount to only half of the value calculated for the periodic zeolite. This means that the polarization-induced interaction of the adsorbate with the acid site is correctly described only if a large part of the framework is included in the calculations. All adsorption energies depend only weakly on the cluster size (the difference between the highest and the lowest adsorption energy never exceeds 3 kJ/mol). With the exception of the MP2 results the adsorption energies calculated for the cluster do not account for the increase of the adsorption energy with the length of the alkane. This has purely geometric reasons, because the longer alkanes stretch into the larger cavity and do not interact with the atoms forming the sixmembered ring of the 6T cluster. Only with MP2 we find an adsorption energy increasing with the alkane length -in contrast to the RPA and RPA-HF. The situation is similar as for the periodic calculations where we had found a much larger increment per additional CH x group with MP2. The reason is that the screening is much weaker in MP2 than in RPA calculations.
The important point, however, is to find out whether the embedding approach leads to reasonable results. The corrections E(C) can be calculated from the results compiled in Table V for any combination of "high" and "low" level methods, they have to be added to the periodic results given in Table IV . Strictly speaking they would have to be added to periodic results from Table IV at the PBE+d geometries. However, as mentioned earlier, the introduced uncertainty by the slightly different geometry is on the order of 1 kJ/mol which is negligible for the following discussions. Table VI presents the adsorption energies for embedded clusters, taking PBE as the low-and either RPA, RPA-HF, or MP2 as the highlevel method. The adsorption energies depend only weakly on the cluster size and for RPA/PBE and RPA-HF/PBE also on the alkane length, they are significantly lower than the energies calculated with a periodic high-level method. This result shows that even for methane the small clusters are not sufficient to grasp the long-range part of the vdW interactions. It is also significant that for methane the underestimation of the adsorption energy is lowest for MP2/PBE -this is another indication that the dispersion contributions calculated at the MP2 level of theory are more short-ranged than with the RPA or the RPA-HF. It has been suggested that the necessity to use very large clusters for embedding calculation may be circumvented by performing the periodic calculations using a low-level theory accounting for the dispersion forces within a simplified approach, e.g., at the PBE+d level. The adsorption energies from RPA/PBE+d, RPA-HF/PBE+d, and MP2/PBE+d are summarized in Table VII , the results for other lowlevel schemes are given in the supplementary material. 37 For methane the embedded cluster results are indeed closer to the periodic calculations at the RPA, RPA-HF, and especially at the MP2 level, indicating that the long-range vdW interactions not taken into account by the calculations for the small clusters are adequately described at the PBE+d level. For ethane and propane the adsorption energies calculated using the RPA/PBE+d and RPA-HF/PBE+d approaches are intermediate between the periodic results calculated at both levels of theory. The adsorption energies calculated with MP2/PBE+d embedding, however, are larger than the pe- riodic results found at both levels of theory. The reason is that the vdW interactions described with MP2 are rather short-ranged, whereas the pair-potentials of the PBE+d approach are rather long-ranged. This leads to a kind of doublecounting of interactions across the boundary of the cluster. Similar results are also found if TS is used as the low-level method, the overestimation of the adsorption energies becomes even more pronounced for vdW-DF.
VI. ADSORPTION ENERGIES AT FINITE TEMPERATURE
For a comparison with experimental adsorption energies measured at finite temperature the theoretical values calculated for T = 0 K have to be corrected for contributions accounting for the dynamics of the adsorbate-zeolite complex. The standard approach is to calculate zero-point and finite-temperature vibrational corrections in a harmonic approximation. For alkanes in a zeolite this is, however, not sufficient. Because of the very weak bond between the adsorbate and the acid site the bond is often broken and the molecule moves rather unhindered through the cavity of the zeolite. In a recent series of papers de Moor et al. [4] [5] [6] have investigated the adsorption enthalpies and entropies of alkanes in different zeolites using two different approaches. In the first the adsorbate is assumed to be essentially immobile, all translational and rotational degrees of freedom of the molecule inside the pores of the zeolites are considered as frustrated and described by harmonic frequencies derived from force field calculations. Spurious imaginary eigenmodes are arbitrarily replaced by a value of 50 cm −1 . In the second the adsorbate is considered to be mobile, the contributions J. Chem. Phys. 137, 114111 (2012) of the movements relative to the framework are described by a two-dimensional ideal-gas model for translations and a free rotor model for rotations. The harmonic frequencies corresponding to these modes are removed for the evaluation of the vibrational partition functions and replaced by the free translational and rotational contributions. The free translational motion is assumed to be restricted to the plane perpendicular to the vector from the framework oxygen to the acid proton and evaluated for the surface area available per acid site. Translation in perpendicular direction is assumed to be frustrated. The assumption of an immobile adsorbate leads to a much higher loss of entropy upon adsorption, in contrast to experiments. For the adsorption enthalpy the assumption of immobile adsorption leads a decrease by 5-6 kJ/mol at 300 K, with about equal contributions from the zero point vibrational energy and a temperature-dependent contribution. In contrast, if a restricted mobility of the molecule is permitted the adsorption enthalpy is essentially identical to the zero-temperature adsorption energy calculated from the QM/Pot approach because zero-point vibrational contributions (about 1 kJ/mol) and temperature-dependent contributions (about −1 kJ/mol) cancel, independent of the length of the carbon chain.
Although based on force-field calculations the analysis presented by de Moor et al. [4] [5] [6] is important because it demonstrates that the replacement of the soft harmonic vibrations of the adsorbate relative to the zeolite by restricted translational and rotational movements leads to a further strong reduction of the already modest zero-point and temperature-dependent vibrational energies. However, their analysis ignores the possibility that the bond between the acid site and the adsorbate is broken and that at finite temperature the alkane assumes different geometric configurations determined by the van der Waals bonding to the framework and the bonding to the acid site. In principle, such temperature effects as well as more or less anharmonic vibrations of adsorbate and framework can be taken into account by MD simulations. MD simulations for such a complex system extending over a sufficiently long time interval are, however, very demanding and can be performed only at the PBE+d level.
The results of the MD simulations demonstrate that the vibrational dynamics of the adsorbed alkane is not only strongly anharmonic. Because of the very weak binding between the acid site and the alkane, relatively low temperatures are sufficient to break the bond. The molecule moves rather freely within the cavity of the zeolite, energetically favorable configurations are determined by the van der Waals interactions with the framework. Figure 4 shows the time evolution of the distance between the proton in acid chabazite and the three carbon atoms in an adsorbed propane molecule, calculated at T = 800 K in a harmonic approximation (using the force constants derived for the optimized structure of the molecule bound to the acid site) and using an MD simulation. In the harmonic approximation the C-H distances oscillate around their equilibrium values, the bonding to the acid site is always through the same terminal carbon atom. In contrast the MD simulations show that the configurations change every few ps. Only for very short times one of the carbon atoms is sufficiently close to the proton to form a bond with the acid site. This bond can be formed with one of the terminal methyl groups or via the central methylene group, but there are also time intervals during which all three carbon atoms are too far from the acid site to form a bond.
The distribution of the C-H distances along the MD trajectory are shown in Fig. 5 . While in the harmonic approximation the C-H distances are distributed only over narrow, nonoverlapping intervals, the MD simulations yield very broad distributions extending from about 2 to nearly 7 Å. A modest difference exists between the carbon atom in the methylene group and those in the terminal methyl groups.
MD and constrained MD simulations combined with free-energy integration techniques based on forces from PBE−d have first been used by Bučko et al. 66 to account for entropic effects in cracking and dehydrogenation of propane adsorbed in acidic chabazite. Strong anharmonicity and breaking of the bond to the acid site are observed not only at high temperature. Figure 6 shows the distribution of the distances between the carbon atom in the terminal methyl group and the acid proton for methane, ethane, and propane in H-chabazite, calculated using MD simulations at T = 300 K. The distribution consists of a dominant peak at about 2.3 Å, i.e., at the optimized distance between the carbon atom and the acid site, and a long tail extending up to distances of about 7 Å limited only by the size of the cavity in the zeolite. Assuming that the maximum length of a bond between the acid site and the molecule is about 3 Å it has been estimated that at 300 K the probability that the molecule is bound to the acid site is about 2/3 and decreases strongly at more elevated temperatures.
The finite-temperature adsorption energy can be derived from ensemble averages over the classical MD trajectories calculated for the alkane-chabazite complex, the clean Hchabazite and the free alkane molecule. At T = 300 K the adsorption energies are 23.9, 34.9, and 45.5 kJ/mol for methane, ethane, and propane, respectively. These energies are smaller than the zero-temperature adsorption energies calculated for acid chabazite, but larger than the values calculated for the purely siliceous zeolite. The temperature-dependent decrease FIG. 6 . Distributions of the distances between the acid proton in chabazite and the closest carbon atom in methane, ethane, and propane, calculated at T = 300 K using molecular dynamics simulations based on PBE−d forces.
Cf. text.
of the adsorption energy is caused mainly by a decrease of the potential energy of the adsorbate which explores with increasing mobility many different geometric configurations within the cavity of the zeolite. In our investigations of the adsorption energies of alkanes in Na-exchanged chabazite at 300 K, we have assumed that the finite-temperature values can be approximated by a weighted average (in a proportion of 1:2) of the T = O K values for the purely siliceous and acid zeolite. 34 Admittedly the choice of a maximum C-H distance of 3 Å is a bit arbitrary. In our recent investigation of alkane adsorption in protonated chabazite 35 we have chosen a different approach. The adsorption energy at 300 K is again approximated by a weighted average of the adsorption energies calculated at T = 0 K in purely siliceous (E Si−Cha ads ) and protonated (E H −Cha ads ),
with the weighting factor given by the probability P 300 (R H −C 1 < x) to find the carbon atom within a distance x from the acid proton. This distance is determined by fitting the estimated finite-temperature adsorption energy E 300 K ads for all alkanes to the MD values. The optimized value for this distance was found to be 2.5 Å, leading to values of P 300 (R H −C 1 < x) = 0.34, 0.32, and 0.43 for methane, ethane, and propane. With these weighting factors the MD values are reproduced within a maximum error of ±1.8 kJ/mol.
The assumption that the weighting factors can also be applied to the adsorption energies calculated using other approaches has permitted to confront theory with experiments performed at room temperature. 35 Here we apply this weighting scheme to estimate the temperature-dependent adsorption energies for high-level methods. It must be kept in mind that the assumed transferability of the weighting factors is based on the assumption that the strength of the binding to the acid site (as measured by the difference of the adsorption energies in the protonated and siliceous chabazite) is also comparable (see Tables III and IV) . This is satisfied with good accuracy for the RPA-HF method whereas for all other techniques the incremental adsorption energy provided by the acid site is smaller. Weaker binding to the acid site means that the probability P 300 (R H −C 1 < x) will be reduced and that the finite-temperature adsorption energy will be even closer to the lower value in the purely siliceous chabazite.
The results for the weighted adsorption energies, averaged over all four different acid sites, are summarized in Table VIII creased in the RPA-HF. For methane RPA-HF and MP2 are in very good agreement, but RPA-HF predicts a lower increase with increasing alkane length. PBE+d yields adsorption energies which very close to the MP2 results. Both variants of the vdW-DF functional and the TS method yield a significantly stronger adsorption and also the largest increment for each extra CH x group.
Experimental adsorption energies are available for protonated 68 and Na-exchanged 69 chabazite. Denayer et al. 69 have used a pulse chromatographic method at a constant temperature of T = 553 K. Barrer et al. 68 used a volumetric method to measure adsorption isotherms in protonated chabazite at temperatures between 147 and 273 K for methane, 193 and 353 K for ethane, and 323 and 448 K for propane. The experiments have been conducted on a sample with a higher concentration of acid site (3 to 4 per unit cell) than our calculations. The initial (zero coverage) heats of adsorption were derived from a thermodynamic analysis of the isotherms, assuming that any temperature-dependence of the heat of adsorption can be neglected. Hence their experimental values must be considered as an average over the temperature interval covered by the experiments. This must be kept in mind when comparing theory and experiment.
For methane the results for chabazite with different types of acid sites are very similar, but a smaller increase in adsorption energies with increased alkane chain length is reported for the protonated zeolite. This could be attributed to the much larger size of the extra-framework Na cation in combination with the relatively small size of the cavity in chabazite which restrict the mobility of the larger alkanes and reduces the probability that the bond with the acid site is broken.
The best agreement with the experiments on Hchabazite 68 is found with RPA-HF, with an average error of about 2 kJ/mol. The RPA yields adsorption energies which are too low by 8 kJ/mol on average, MP2 agrees with the experiment for methane and is still quite accurate for ethane but predicts a too strong increase with the length of the alkane molecule leading to an average error of 4 kJ/mol. Of the more approximate, but computationally less demanding schemes for dispersion corrections the best agreement with experiment is found for PBE+d, while the vdW-DF and the TS methods overestimate the adsorption strength by up to a factor approaching two for propane.
VII. DISCUSSION AND CONCLUSION
The adsorption of small alkane molecules in a purely siliceous and a protonated zeolite has been investigated at different levels of theory: (i) density-functional calculations with a gradient-corrected exchange-correlation functional (PBE); DFT calculations with corrections for the missing dispersion forces in the form of C 6 /R 6 pair potentials with (ii) C 6 parameters and vdW radii determined by fitting accurate energies for a large molecular data base (PBE+d, Refs. 9 and 10) or (iii) derived from "atoms in a solid" calculations (TS, Ref. 12); (iv) DFT calculations using a non-local correlation functional constructed such as to account for dispersion forces (vdW-DF, Ref. 14); (v) calculations based on the random phase approximation combined with the adiabatic-coupling fluctuation-dissipation theorem (RPA, Refs. 19 and 25); and (vi) using Hartree-Fock calculations together with correlation energies calculated using second-order Møller-Plesset perturbation theory (MP2, Refs. 2 and 51). All calculations have been performed for periodic models of the zeolite and use the same projector-augmented wave basis. The simpler and computationally less demanding approaches (i)-(iv) permit a calculation of the forces acting on the atoms using the Hellmann-Feynman theorem and further a structural optimization of the adsorbate-zeolite complex, while RPA and MP2 calculations can be performed only for a fixed geometry optimized at a lower level of theory (we have used the PBE+d geometry).
Not all these approaches are uniquely defined. For the vdW-DF we have examined the influence of different choices of the exchange part of the local exchange-correlation functional. For the RPA total energy it has been shown that either Kohn-Sham or Hartree-Fock orbitals can be used for the calculations, with very similar results. However, it has been suggested that a "hybrid RPA" or RPA-HF combining the exact exchange energy calculated using Hartree-Fock orbitals with the correlation energy calculated using DFT orbitals corrects a certain tendency of the RPA to underbinding -both variants have been investigated.
The calculations have been performed for a purely siliceous chabazite with one adsorbed molecule per unit cell and for four different models of a protonated chabazite with the acid proton bound to one of the four crystallographically inequivalent oxygen atoms. For the purely siliceous chabazite, PBE predicts almost no binding between alkane and chabazite. If dispersion corrections are taken into account, the adsorption energies increase in the sequence RPA → RPA-HF → PBE+d → MP2 → TS → vdW-DF. The adsorption energy increases with the length of the alkane. The increment per additional CH x group is smallest for RPA and RPA-HF, somewhat larger for MP2 and PBE+d, and largest for TS and vdW-DF.
For an acid chabazite DFT predicts a weak polarizationinduced binding between alkane and acid-site varying with the acid strength. The largest part of the adsorption energy, however, stems from the vdW interactions between the alkane and the zeolitic framework and varies with the geometry of the surrounding of the acid site according to the ability to form as many strong interactions between C atoms of the alkane and SiO 4 groups of the framework. The additional contribution to the adsorption energy stemming from the binding to the acid site is smallest at the PBE and MP2 levels of theory, slightly larger within the RPA and largest for the RPA-HF and PBE+d methods. Together, the lowest adsorption energy at T = 0 K is again found in the RPA, with comparable energies for RPA-HF and MP2 and much higher values for the "low-level" methods PBE+d, TS and vdW-DF. For all methods the O(1)-H and O(4)-H acid sites adsorb the alkane more strongly than the O(2)-H and O(3)-H sites. Hence the adsorption strength does not correlate with the stability of the acid site, but is determined by geometric factors determining the ability to optimize simultaneously the binding of a terminal CH 3 group to the acid site and the interaction of the remaining CH x groups of the alkane with the framework.
The most important difference between the RPA and all other methods is that only the RPA includes the effect of longrange screening of the dispersion forces. Very recently the TS method has been extended to selfconsistently include screening effects. 70, 71 The TS-SCS leads to strong reductions of the C 6 coefficients in many systems. To verify whether screening also changes the adsorption energies for alkanes in zeolites, we have applied the TS-SCS method to propane in acid chabazite, with the proton attached to the O(1) site. Screening leads only to a very modest reduction of the adsorption energy from −74.6 kJ/mol to −71.2 kJ/mol. We conclude that because of the very wide energy gap of the zeolite screening effects are of minor importance for this system. We weak screening would also explain the similar performance of the RPA-HF and MP2 calculations.
Due to the weak interaction with the acid site, the temperature-dependence of the adsorption energy must be considered in any comparison with experiment. Because of the very weak binding between the alkane and the zeolite vibrational corrections performed in a harmonic approximation are not sufficient, but anharmonicity of the vibrations and the possible breaking of the bond between the molecule and the acid site must be considered. Molecular dynamics simulations have demonstrated that even at room temperature there is a non-negligible probability that the alkane desorbs from the acid site and moves rather freely through the cavity of the zeolite. We have been able to show that the adsorption energy at finite temperature derived from the MD simulations can be approximated with good accuracy by the weighted average of the adsorption energies in the acid and the purely siliceous chabazite, the weighting factor being given by the probability to find the molecule close enough to the acid proton to from a hydrogen bond. Assuming that the weighting factors derived from the MD simulations with the PBE+d method can also be applied at other levels of theory, we can estimate the adsorption energies at finite temperature. Best agreement with experiment is achieved at the RPA-HF and MP2 levels of theory, while the RPA tends to underbind. Among the "lowlevel" methods, the PBE+d methods is found to be most accurate, while the TS and vdW-DF approaches overestimate the adsorption energies quite strongly.
The good agreement of the results derived using methods as different as RPA (derived within DFT) and MP2 (from quantum chemistry) is quite encouraging. It is true that best agreement is found for the hybrid RPA-HF approach, but we expect that if second-order exchange corrections to the RPA are taken into account similar results will be achieved using the same orbitals for the calculation of both the exchange and the correlation energies.
Both the RPA and MP2 for periodic systems are computationally very demanding. The central processing unit (CPU) time for a total-energy calculation at a fixed geometry is increased in the RPA by a factor of nearly 10 3 relative to the DFT calculations with dispersion corrections (PBE+d, TS, or vdW-DF), and for MP2 calculations even by a factor 10 5 . Therefore, it is encouraging that the much less demanding PBE+d approach yields adsorption energies that are only 3-4 kJ/mol larger than the high-level theories, suggesting the use of the method for larger systems where the computational workload of the high-level methods becomes too large.
We have also briefly examined the results of embedded cluster calculations, using either the RPA or the MP2 at the high, and PBE or PBE+d at the low-level of theory. While it was not our aim to examine the convergence of the approach with the cluster size, two conclusions can be drawn from the comparison between embedded-cluster and periodic calculations: (i) The long-range nature of the vdW interactions requires the use of relatively large clusters even for the smallest molecules if DFT is used for the periodic part. (ii) If at the low-level a method accounting at least approximately for dispersion forces is chosen, with the aim of enabling the use of a small cluster, the problem of the compatibility of the lowand high-level descriptions of the vdW interactions arises. At the example of the MP2/PBE+d embedding calculations we have shown that this can result in double-counting effects and rather gross overestimation of the vdW energies. It is also interesting to compare the computational effort for cluster and periodic calculations. With the RPA the CPU time required for even the smallest 2T-cluster is about four times larger than that for the periodic chabazite structure. This is a consequence of the large size of the supercell required to ensure a sufficient separation of the periodically repeated images of the cluster and the computational effort, within a plane-wave basis, necessary to describe the vacuum around the cluster. For MP2 calculations on the other hand the possibility to use natural orbitals for the cluster calculations reduces the CPU time for calculation with the 2T, 3T, and 6T clusters to 15, 21, and 38 pct. of that required for periodic calculations.
In summary: The influence of dispersion forces on the adsorption energies of short alkanes in zeolites has been investigated using periodic calculations at different levels of theory, and taking effects of temperature into account. With increasing temperature adsorption becomes less exothermic because the bond to the acid site may be broken due to the temperature-induced mobility of the adsorbate such that also configurations with only van der Waals bonds to the framework are sampled. Compared to experiment, the RPA underestimates the adsorption energies by about 8 kJ/mol on average, while MP2 leads to an overestimation by about 4 kJ/Mol (averaged over methane, ethane, and propane). The most accurate results have been found for the "hybrid" RPA-HF method with an average error of less than 2 kJ/mol only. Of the more approximate and computationally less demanding methods, the best result is achieved with the empirical PBE+d method with an average error of about 5 kJ/mol.
